Single photon emitters in 2D hexagonal boron nitride (hBN) have attracted a considerable attention because of their highly intense, stable, and strain-tunable emission.
spectroscopic properties. While various colour centres have been proposed as potential sources of SPEs in hBN [9] [10] [11] [12] , only a few defects have been conclusively identified [10, 13, 14] . Many attempts have been made to predict the exact nature of the defect causing emission in the visible part of the spectrum, i.e. in the vicinity of 2 eV [4, [9] [10] [11] 13, 15, 16] . However, no conclusive evidence for the nature of the defect in the form of theoretically predicted properties matching the experimental data, has so far been presented [10] .
The emission frequencies of SPEs observed in hBN can be spread over a considerable spectral range from 1.4 to 2.2 eV. The spectra overall consist of a relatively sharp spectral line separated from a smaller broader feature, typically 150-200 meV lower in energy. These features are usually assumed to be the zero phonon line (ZPL) and associated phonon side bands (PSB), respectively, originating from a localized emission source, most likely involving at least one defect level lying deep within the semiconductor band gap. The PL spectra for a particular type of emitter is signature of specific chemical structure of the defect. Therefore, one can identify the nature of an emitting center by calculating its PL spectra and comparing it to the experiment.
In an initial survey study employing density functional theory (DFT) with a gradient corrected (GGA) functional, a carbon based defect V N C B was proposed as source of the observed emission. This assignment was based upon a comparison of calculated spectral quantities, e.g.
the Huang Rhys (HR) factor, photoluminescence (PL) line shape and zero phonon line (ZPL) energies [4] , with experimental data. However, the hBN community could not conclusively agree on this prediction and the source of the observed emission remained under considerable debate [10] . The dissensus was partly due to a lack of experimental studies of controlled incorporation of carbon impurities in hBN. Another reason was the, after all, rather poor agreement between theoretical calculations and experiment (both quantitatively e.g. ZPL energies and qualitatively e.g. PL line shape) [10] .
In a recent experimental study, the observation of an increased density of emitters with ZPL close to 2 eV following controlled incorporation of carbon into h-BN is reported [17] . The work tentatively assigns the emission to a V N C B defect based upon previous theoretical reports [4, 10, 13, 15, 16, 18] none of which, however, provide key spectroscopic observables in agreement with the new experiments.
In this work, we present conclusive evidence that the photons emitted in the 2 eV spectral range and reported in Ref. [17] are due to transitions between triplet states of the V N C B point defect. Our first-principles calculations employing the HSE06 range separated hybrid functional show an excellent agreement with the recent experimental results for the luminescence line shape, Huang-Rhys factor, Debye-Waller factor and the reorganization energy. We emphasize that despite of numerous previous theoretical investigations of the V N C B defect, this is the first time that convincing agreement between theory and experiment is obtained for the 2 eV SPE in hBN.
Theory and Results:
The intensity (ℎ ) of a photo-luminescence (PL) emission spectrum under the Frank-Condon approximation (i.e. the transition dipole moment (̂) is similar in the initial and final configurations), are given by the following expression The difference in energy between the two equilibrium geometries, i.e. the vertical distance between the minima of the two parabolas in Figure 1 , is called the adiabatic transition energy In order to calculate the luminescence from Eq. (1) the vibrational overlap integrals ⟨Ψ |Ψ ⟩, known as Frank-Condon Integrals, must be evaluated. In general, this poses a significant challenge due to the large number of atoms involved in the vibrations that can couple to the electronic transitions, and the fact that normal modes in the ground-and excited states are generally different [19, 20] . To overcome the problem we apply the linear transformation approach of Duschinsky [19] , in which the normal modes in the initial state are related to the normal modes in the final state via the affine transformation,
In this expression, the Duschinsky matrix = ( ) −1 , is composed of the transformation matrices from normal coordinates to mass-weighted Cartesian coordinates and the vector , contain the displacement between the initial and final states expressed in the basis of initial state normal modes. It is given by , = ( , ) − The total re-organization energy and Huang-Rhys factor , ( for HR factor during emission and for absorption) are then given by
We have used the theory outlined above to calculate the PL line shape for the V N C B defect.
Before presenting our results, we briefly discuss the basic atomic and electronic structure of V N C B . previously been studied in detail and many of its properties, e.g. symmetry, dipole allowed transitions, and allowed inter-system crossing due to spin-orbit coupling, have been discussed [16] . However, conclusive evidence for this defect being the source of SPE in the visible frequency range is still missing. The defect has C 2v symmetry and a singlet (1) 1 1 ground state.
After excitation from the ground state to the phonon sideband of the optically bright (2) Debye-Waller factor ( ) and re-organization energy( ) are shown in Table 1 , along with the corresponding values extracted from the experimental spectra in Fig. 1(d) of Ref. [17] . A detailed description of the procedure used to extract the experimental values is provided in the supporting information (S.I.) section S. 1. transition of the defect V N C B . The difference between our calculated values and previous works [4] may be assigned to the use of different xc-functionals (HSE06 vs. PBE) and numerical parameters (higher energy cut offs and more stringent convergence criteria are used in this work). Our calculated luminescence line shape for the 2 3 B 1 to 1 3 B 1 transition is shown in Fig. 3 together with the experimental PL spectrum from Ref. [17] . Taking into account that no fitting parameters, other than a spectral broadening of 0.02eV and a rigid shift of 0.15 eV to match the ZPL peak, have been used to obtain the luminescence spectrum, the excellent agreement with experiment further supports that this emission is indeed produced by the (2) 1 Fig. 3 . Calculated Photoluminescence spectrum fitted to experimental spectrum [17] . For comparison, calculated spectra with adiabatic ZPL energy Δ 0 = 1.95 was aligned to the position of ZPL at 590 nm (2.10eV) was aligned to match to the highest intensities of the experimental spectrum which corresponds to about 0.15 eV blueshift compared to the calculated value. This difference is within the usual inaccuracy of the DFT method.
We have also calculated the absorption spectrum of the triplet transition in the V N C B defect, see the S.I. Section S. 4. (We note that this absorption spectrum should not be compared to the experimental absorption spectrum of the defect, which is determined by transitions between the singlet states, see Fig. 2(b) . It is, however, instructive to consider the absorption between the triplet states). An important feature to note is that the calculated absorption spectrum is not a perfect mirror image of the emission spectrum. The cause of some asymmetry between absorption and emission spectrum is associated with the Duschinsky matrices. Duschinsky matrices , for (2) 1 Since strain tunability is a major feature of quantum emitters in h-BN [10, 18] , we simulate the vibrationally resolved PL spectra for the (2) 1 3 to (1) 1 3 transition in V N C B at different values of compressive and tensile strain, see Fig. 4 . One can note that the strain not only modifies the ZPL energy, but also changes the shape of PSB (although only slightly, larger strain can, however, cause a large change) and hence the Huang-Rhys factors. We thus predict that along with the ZPL energies, the Huang-Rhys factors of these emitters can also be changed with applied strain and future experiments should be directed to explore this feature. Our calculated values of Huang-Rhys factors as a function of applied strain are provided in S.I table S. 6.
Finally, a word on why we exclude other carbon related defect species as the possible source of the observed SPE. Defect species such as C B and C N in both neutral and charged states do not feature energy levels in the band gap with the right energy separation to produce an emission around ~2eV [12] . Similarly, the defect V B C N can be excluded as its adiabatic transition has dipole orientation (d ꓕ ) perpendicular to the h-BN plane, therefore should emit light in the plane of h-BN sheet in contrast to the experimental findings. We have also investigated Stone-Wall type defects involving a carbon atom namely S W C B and S W C N [20] . Only S W C B can produce an in-plane polarized transition in the right energy window. However, its re-organization energy is too large to match the observed narrow PL line shape and relatively large Debye-Waller factor. Specifically, our calculated adiabatic energy for S W C B is 1.9eV while we obtain a re-organization energy for this transition of 0.4eV making it unlikely to be the source of the observed emission. We also considered the positive and negative charge states of the defect V N C B and found that only V N C B +1 has a transition ((1) 2 2 to (1) 1 2 ) in the desired energy window, but re-organization energy for this transition is too high to match the experiment. A table of re-organization energies and adiabatic transition energies of the most relevant transitions in a select set of defect candidate systems is presented in the S.I. section S. 5. From this overview, it follows that among all the carbon related defects, only the defect V N C B in the triplet channel present an adiabatic energy and re-organization energy consistent with the experimental data, and must therefore be considered to be the most likely source of the observed emission.
Conclusion:
Based on an excellent agreement between our first-principles calculations and recent experimental photoluminescence data for carbon-containing defects in hBN, we have identified the detailed atomic structure of the color center responsible for the highly intense 2 eV photons emitted from hBN. Our calculated transition energy, Huang-Rhys factor Debye-Waller factor and re-organization energy for the triplet transition of the defect V N C B are all found to be in very good quantitative agreement with the experimental data. In addition, the calculated PL lineshape for this transition shows a high similarity with the measured spectrum. We have traced the origin of the high intensity and narrow line shape of the V N C B emitter to the delocalized nature of the vibrational modes coupling to the electronic transition, which result in a strongly reduced reorganization energy. Our results resolve a long-standing debate about the chemical nature of these color centers, and establishes the basic microscopic understanding of the photophysical properties of these emitters thereby paving the way to their future deployment for e.g. quantum technological applications.
Computational parameters:
Calculations are performed for periodically replicated defects in 2-D h-BN monolayer. For calculation of total energy, electronic structure and ground state geometry we used version 5.3.3 of the Vienna Ab Initio Simulation Package (VASP) [21, 22] . For accurate calculation of electron spin density close to the nuclei, the projector augmented wave method (PAW) [23, 24] was applied together with a plane wave basis set. We utilized the standard PAW-projectors provided by the VASP package. Pristine single-layer h-BN was first geometrically optimized using the conventional cell and a 27×27×1 Monkhurst-Pack reciprocal space grid. A large vacuum region of 30 Å width was used to separate a single layer of h-BN from its periodic images and to ensure that interaction between periodic images is negligible. The optimized bond length of pristine h-BN is 1.452 Å. All the defects were then realized in a 9x9x1 supercell and allowed to fully relax using a plane wave cut-off of 700 eV for a maximum force of 0.001 eVÅ -1 . K-point convergence was check and finally a k-point mesh of 3x3x1 was used for all calculations. The normal modes and dynamical matrices were calculated at Gamma point of the BZ. The total energies of the excited states were calculated within the ∆SCF method that provides accurate zero-phonon-line (ZPL) energy and Stokes-shift for the optical excitation spectra for triplet manifold [16] . The PL line shape was calculated using Duschinsky linear transformation method [19, 25] . Further details of our calculation of vibrationally resolved PL spectra are provided in the S.I. section S. 2.
